INTRODUCTION
The CCCTC-binding factor, CTCF, is a ubiquitous zinc-finger protein that is frequently mutated or aberrantly expressed in cancer and other human diseases (Lobanenkov et al., 1990; Kim et al., 2007; Ohlsson et al., 2010; Chen et al., 2012; Nakahashi et al., 2013) . CTCF binds throughout the genome via combinatorial subsets of its 11 zinc fingers, serving as chromatin insulator, activator, or repressor depending on the epigenetic context (Filippova, 2008; Ong and Corces, 2014) . Although CTCF-binding sites are known to share a 12-to 20-bp DNA consensus motif (Bell and Felsenfeld, 2000; Kim et al., 2007) , the basis of CTCF's locus-specific recruitment is not fully understood. Indeed, $25% of CTCF-bound sites do not contain this motif and not all such motifs bind CTCF (Kim et al., 2007) . Furthermore, within imprinted regions, CTCF may bind only one of two alleles (Lee and Bartolomei, 2013; Barlow and Bartolomei, 2014) . Thus, apart from the consensus motif and combinatorial usage of 11 zinc fingers, locus-specific factors must play a critical role in targeting of CTCF to chromatin.
Genome-wide chromosome interaction studies have shown that CTCF is enriched at boundaries between genes and their distal regulatory elements (Splinter et al., 2006; Handoko et al., 2011; Dixon et al., 2012; Sanyal et al., 2012; Shen et al., 2012; DeMare et al., 2013; Phillips-Cremins et al., 2013) . CTCF operates in part by mediating long-range chromosomal interactions to bring together distant genetic elements. A well-studied example is the imprinted H19-Igf2 cluster, where CTCF binds to an imprinting control region (ICR) near the maternal H19 allele and forms a loop with Igf2 to block distal enhancers from engaging the Igf2 promoter in cis (Barlow and Bartolomei, 2014) .
Another intensively studied case is the X-inactivation center (Xic), a locus that controls X chromosome inactivation (XCI) (Starmer and Magnuson, 2009; Disteche, 2012; Lee and Bartolomei, 2013) . CTCF binds to a large number of sites within the Xic and plays several important roles during XCI. First, CTCF occupies several sites at the 5 0 end of Tsix, the antisense regulator of Xist (Chao et al., 2002) , as well as sites within Xite, the enhancer of Tsix (Chao et al., 2002; Xu et al., 2007) . At these loci, CTCF binding directs X chromosome pairing, a process proposed to ensure exclusive choice of active and inactive Xs (Xa, Xi) (Bacher et al., 2006; Xu et al., 2006) . Second, CTCF binds RS14, a chromatin boundary between one chromatin hub involving interactions between the major Tsix promoter and its Xite enhancer, and another involving Xist's promoter and the RNA activator Jpx (Tsai et al., 2008; Spencer et al., 2011) , leading to formation of topologically associated domains (TADs) (Nora et al., 2012) . Finally, CTCF also binds to the Xist promoter (P2) and blocks transcriptional induction; when the concentration of Jpx RNA rises, Jpx RNA evicts CTCF from the Xist promoter to induce Xist expression and the initiation of XCI .
The example of Jpx demonstrates that CTCF is an RNA-binding protein . In addition, SRA1 RNA occurs in a chromatin insulator complex containing the DEAD-box RNA helicase p68 and CTCF (Yao et al., 2010) . Other transcripts, including p53's antisense RNA, Wrap53, also contact CTCF, though their functions are currently ambiguous (Saldañ a-Meyer et al., 2014) . Because RNA has been implicated in enhancerdirected chromosomal loops (Lai et al., 2013) , we set out to define the CTCF RNA interactome and genomic binding sites in mouse embryonic stem cells (mESCs) and to determine whether CTCF-RNA interactions play a role in long-range chromosomal contacts. Using XCI as a model, our analysis of mESC defines a large RNA interactome and demonstrates that locus-specific RNAs comprise one mechanism by which CTCF can be targeted to specific genomic regions to control longrange chromosomal interactions.
RESULTS
The CTCF-RNA Interactome To define CTCF's RNA interactome, we performed UV-crosslinking and immunoprecipitation followed by deep sequencing (CLIP-seq) in order to identify directly interacting transcripts (Ule et al., 2005) . We modified the CLIP-seq protocol to optimize detection within nuclear CTCF preparations ( Figure S1A available online) in a female mESC line expressing inducible FLAGtagged CTCF at physiological levels. Although induction of FLAG-tagged CTCF was robust, total CTCF expression was similar before and after induction (Figures S1B and S1C), suggesting that CTCF protein levels are under feedback regulation. CLIP was carried out on day 0 (d0) and day 3 (d3) of cell differentiation, with minus-UV controls in parallel. Resolution of the radiolabelled CLIP materials by SDS-PAGE revealed an enrichment above background, with western blotting indicating CTCF-RNA complexes running slightly higher than the 70-86 kDa CTCF monomer and the 150-170 kDa dimeric form, consistent with the presence of crosslinked RNA fragments (Figure S1D) . To minimize degradation of RNA during the RNA fragmentation procedure, we used sonication instead of limiting RNase digestion to produce CLIP tags of $200 nt, as shown by bioanalyzer traces of RNA isolated from CLIP membranes ( Figure S1E , top left). cDNA libraries yielded a range of sizes consistent with the RNA profile ( Figure S1E , bottom left). Samples without reverse transcription (ÀRT) did not yield measurable amounts of cDNA ( Figure S1F ), arguing that CLIP tags were indeed of RNA origin. Aliquots of the CLIP nuclear lysate were set aside prior to sonication to prepare RNA-seq libraries of the ''nuclear input,'' as a measure of expression baseline. Approximately 200 million reads were obtained for each CLIPseq (±UV) and RNA-seq libraries from two biological replicates of each sample. After removal of PCR duplicates, 40%-50% of reads from the +UV libraries mapped to the mouse genome; by contrast, only $6% from control -UV libraries remained after removal of PCR duplicates, suggesting control libraries with the low complexity expected of background (Table S1 ). Scatterplot analysis comparing +UV to -UV CLIP-seq reads revealed vast enrichment of RNA signal in the +UV library ( Figure S1G ). In the +UV library, approximately a quarter of reads mapped more than once to the genome, of which 5%-10% mapped to each of four well-characterized classes of repetitive elements, including LINEs, SINEs, LTRs, and simple repeats ( Figure S2A ). We normalized each CLIP library to the corresponding controls and used Piranha software to call statistically significant ''peaks'' (p % 0.01). In each CLIP sample, between 100,000 and 200,000 significant peaks were identified within unique sequence space, with good correlation between biological replicates ( Figure S3 ). The CLIP peaks represented putative binding domains for the CTCF-RNA interactions.
Using the cis-regulatory element annotation system (CEAS), we determined the relative representation of CTCF CLIP peaks in genic and intergenic space, excluding repetitive sequences. Around 90% mapped within 3 kb of RefSeq-annotated gene loci. In total, RNA produced from $15,000 annotated genes were targets of CTCF in mESC. This large interactome is consistent with estimates for a human osteosarcoma cell line (Saldañ aMeyer et al., 2014 ). An RNA target could have one, several, or many peaks located throughout the transcript. In mESC, CTCF-interacting RNAs tend to reside within or near genes and localized preferentially within introns, exons, and 3 0 UTRs ( Figures 1A and S2B ). In addition to the forward strand of annotated genes, CLIP peaks were also identified on the reverse strand (Table S1 ; Figures 1A and S2B ), suggesting the existence of antisense transcripts that have not been annotated. Antisense RNAs accounted for 2.0%-2.5% of peaks, corresponding to 2,000-3,000 loci. The remaining peaks were ''intergenic,'' located outside of annotated genes (Table S1) .
We analyzed metagene profiles to examine binding patterns within interacting transcripts. Interestingly, on the forward (sense) strand of RefSeq transcripts, CTCF binding demonstrates increasing enrichment from the transcription start site (TSS) to the transcription termination site (TTS) (Figures 1B, 1C, and S2C, top) . On the reverse (antisense) strand, enrichment was greatest within 1,000 bp upstream of the TSS of the annotated sense gene (Figures 1B, 1C, and S2C, bottom) . CTCFbinding RNAs were not enriched in any gene ontology (GO) terms, in keeping with CTCF's role as global transcriptional regulator. Furthermore, analysis of CTCF CLIP peaks with the Multiple Em for Motif Elicitation (MEME) (Machanick and Bailey, 2011) (E) Metagene profiles comparing d3 CTCF CLIP (red) and ChIP (blue) peaks.
(F) Average profile of d3 ChIP peaks relative to CLIP peaks. CLIP-seq peak is centered at nt 0 on the x axis. See also Tables S1 and S2 and Figures S1-S4. and GraphProt (Maticzka et al., 2014) did not reveal a consensus motif, implying that CTCF recognizes RNA through secondary and/or tertiary structures instead of primary sequence. Given that CTCF CLIP peaks were enriched within genes, we examined the possibility of nuclear contamination and oversampling of background by comparing CLIP-seq profiles to the input (nuclear RNA-seq) ( Figure 1D ). If we merely sampled the nuclear background, we would observe high correlation between the profiles. This was not the case (r = 0.287, p ( 0.0001; Figure 1D ). If our CLIP-seq experiment pulled down contaminating nucleic acids during the RNA isolation procedure, we would expect a random scatterplot. This was also not the case ( Figure 1D ). We conclude that CTCF has the capacity to interact directly with a great diversity of RNA.
The CTCF RNA Interactome and Epigenomic Landscape ChIP-seq analysis of CTCF has been reported in a number of cell types, but never before for female mESC undergoing XCI. To investigate differences between the Xa and Xi, we performed allele-specific ChIP-seq in d0 and d3 hybrid female mESCs (Table S2 ), with allelic analysis made possible by a disabled Tsix allele (Tsix TST /+) (Ogawa et al., 2008) , which dictates that the Xi will be the Mus musculus X chromosome (mus) and Xa will be the Mus castaneus X (cas) (Pinter et al., 2012) . Between 50 and 100 million reads were obtained for each ChIP-seq library. After removal of PCR duplicates and normalization of ChIP signals to input, we used SPP software to identify 40-80 thousand CTCF DNA binding sites in d0 and d3 mESC. Approximately 60%-65% mapped within ±3 kb of Refseq annotated genes. Metagene analysis indicated a preference for CTCF ChIP peaks to localize to promoters (0-3 kb upstream of TSS) and the region just distal of the TTS (0-3 kb) ( Figure 1E ).
We investigated the relationship between the RNA-and DNAbinding sites. Notably, the binding sites within RNA and DNA do not generally overlap ( Figure 1E ). CTCF-DNA interactions tend to occur in noncoding intergenic space, whereas CTCF-RNA interactions largely (though not exclusively) occurred within transcripts. Nonetheless, DNA binding sites were located in close proximity to CTCF-interacting transcripts: in a metasite analysis, we observed that ChIP peaks were most likely to occur 1-4 kb upstream and 4-6 kb downstream of a typical CLIP peak ( Figure 1F ). Thus, while CTCF binds RNA and DNA via distinct sequences, DNA-binding sites tend to occur in close proximity to an RNA-binding site.
We then examined CTCF-RNA interactions at specific loci. The locus for the SOX2 pluripotency factor showed an upstream CTCF-DNA binding site, whereas the transcript harbored a broad CTCF interaction domain in the 3 0 UTR (Figure 2A ). Sra1 RNA was revealed by our CLIP-seq to bind directly to CTCF via its third exon ( Figure 2B ), consistent with previous work indicating that Sra1 is part of a protein complex containing CTCF (Yao et al., 2010) . Jpx RNA ) also contacts CTCF directly via exon 3 ( Figure 2C ). For all examples, the CLIP-seq profiles did not resemble input RNA-seq profiles, arguing against a spurious sampling of nuclear RNA background ( Figures 1D  and 2 ). Furthermore, CLIP binding patterns did not resemble ChIP-seq results, arguing against contamination by chromatin. For Jpx and Sra1 ( Figures 2B and 2C) , the absence of nearby CTCF ChIP peaks is consistent with Jpx and Sra1 RNAs' action at distant sites in trans (Lanz et al., 1999; Sun et al., 2013) . By contrast, Tsix and Xite harbored multiple CTCF ChIP peaks in the vicinity of the CLIP peaks, suggesting the possibility of a functional relationship between RNA and DNA binding (see further analysis below). These examples and controls demonstrate the specificity and validity of our CLIP-seq approach.
Analysis of Xa versus Xi Binding Patterns
The Xi is a complex epigenomic landscape that includes genes capable of escaping XCI (Carrel and Willard, 2005; Li and Carrel, 2008; Yang et al., 2010; Calabrese et al., 2012; Pinter et al., 2012; Mugford et al., 2014) . Allele-specific ChIP-seq of mouse trophoblast stem cells (TSCs) previously showed that the majority of CTCF binding sites on the imprinted paternal Xi is shared with the active maternal Xa (Calabrese et al., 2012) and that no specific structural features were discernible for genes that escape XCI (Mugford et al., 2014) . Here we carried out allele-specific ChIP-seq ( Figures 3A and S4A ) to investigate X-linked CTCF binding patterns in mESC undergoing random XCI, which is distinct from imprinted XCI. At Xist, ChIP-seq analysis revealed binding sites around promoters P2 and P1, consistent with previous findings , and also at Repeat C ( Figure 2E ). Intriguingly, CLIP-seq showed a number of highly significant interacting domains within the Xist transcript, with particularly strong interactions at Repeats A, C, and F-three motifs at which PRC2 and YY1 had been shown to make functionally relevant contacts either to the Xist transcript or chromatin (Zhao et al., 2008; Jeon and Lee, 2011) . Repeat F, in particular, had been shown to comprise part of the ''nucleation center'' for the spread of Xist-PRC2 complexes.
We then compared chromosome-wide binding patterns for CTCF relative to Xist RNA binding (CHART-seq) (Simon et al., 2013) and PRC2 (ChIP-seq) (Pinter et al., 2012) (Figure 3A ). For CTCF ChIP-seq, although the majority of peaks lacked sequence polymorphisms to distinguish Xa versus Xi localization and many peaks were biallelic ( Figure 3A : see ''composite'' track, which contains the sum of all ChIP reads at indicated positions), a large number of ChIP peaks demonstrated significant Xa versus Xi differences (Figures 3A and S4B; violet versus green bars) . This finding contrasts with the mostly identical profiles reported for imprinted XCI (Calabrese et al., 2012) , consistent with different mechanisms for random versus imprinted XCI (Starmer and Magnuson, 2009; Disteche, 2012; Lee and Bartolomei, 2013) . At escapee genes, CTCF profiles were distinct on Xa and Xi. At Kdm6a and Mid1, for example, Xi-specific CTCF peaks could be observed ( Figures 3B, 3C , and S4B). Interestingly, musspecific CLIP-seq peaks were located in Kdm6a within 2-20 kb of the mus ChIP-seq peak, and in Mid1 within 100 kb of the mus ChIP-seq peak.
CTCF Is a High-Affinity and Specific RNA-Binding Protein CTCF's large RNA interactome prompted us to assess biochemical specificity and binding affinities. To confirm that interactions are direct, we first performed in vitro pull-downs with purified recombinant FLAG-CTCF and a control FLAG-GFP protein ( Figure S5A ). Candidate RNAs identified by CLIP-seq were , sum of all peaks (cas, mus, and neutral). cas, Xa; mus, Xi. Day 3 ES composite Xist CHART, day 7 ES allelic H3K27me3 ChIP (Simon et al., 2013) , and mouse embryonic fibroblast allelic H3K4me3 ChIP (Yildirim et al., 2011) data also included for comparison.
(D) qRT-PCR for in vitro RNA pull-down with FLAG-CTCF, FLAG-GFP, and mock. Representative results from four biological replicates shown. Means ± 1 SD. *p < 0.05, as determined by unpaired two-tailed Student's t test comparing each amplicon to Ppia.
(legend continued on next page) specifically pulled down from total cellular RNA by CTCF, whereas the negative controls, Gtl2-as and Ppia, were not (Figure 3D) . Moreover, control pull-downs using FLAG-GFP did not result in enrichment of any RNA ( Figure 3D ; green bars all at $0). We also performed in vivo UV crosslinking followed by RNA immunoprecipitation (UV-RIP) in wild-type d3 ESC using control IgG or aCTCF antibodies. Target RNAs were specifically enriched in aCTCF pull-downs and only when cells were UV crosslinked ( Figure 3E ). By contrast, Ppia, Gapdh, and Gtl2-as RNAs-which were not CLIP targets-were not enriched. Next, we performed RNA EMSAs with CTCF and GFP, testing in-vitro-transcribed binding sites informed by CLIP-seq (Figure 2) . Like the positive control Jpx RNA, the novel Tsix, Xist RepA and RepF, and Xite RNAs were shifted by CTCF, whereas the negative control Gapdh was not ( Figure 4A ). The RNA protein shifts were abrogated by unlabeled competitors. CLIP-seq analysis also identified lncRNAs associated with imprinting control regions (ICRs) as CTCF-interacting transcripts ( Figure S6 ). EMSA confirmed that the ICR-associated RNAs (e.g., Nespas and Gtl2) interact directly with CTCF. We found that the 5 0 400-nt region of Tsix (Tsix-d) contacted CTCF by CLIP-seq ( Figure 2D ), robustly shifting with CTCF in EMSA ( Figure 4A ). To delineate the Tsix region, we generated subfragments and observed that subfragment c, but not b or a, could bind CTCF ( Figure 4B ). To map the RNA-binding domain of CTCF, we tested CTCF fragments (Donohoe et al., 2009 ) and found that the C-terminal domain of CTCF is responsible for RNA binding ( Figure 4C ), rather than the Zn-finger region, a known nucleic acids interaction domain (Saldañ a-Meyer et al., 2014) .
To quantify the strength of CTCF's interaction with RNA, we first determined the active fraction of our protein preparation using double filter-binding assay. In a titration experiment using 80 nM of the Tsix RNA probe d (a concentration 40 times above dissociation constant, K d ), binding reached saturation at 265.1 nM of CTCF protein ( Figure S5B ). Assuming an RNA:protein stoichiometry of 1:1, the titration behavior suggested that 30% of the CTCF preparation is active. We then performed filter-binding assays ( Figure 4D ) to determine the K d for CTCF-RNA interactions. Binding isotherms were generated using a nonlinear regression model ( Figure 4E We then measured CTCF's affinity for DNA. With DNA probes corresponding to CTCF ChIP-seq peaks, CTCF produced clear shifts with both Tsix and Xite probes ( Figure 5A ), as it did with the positive control, RS14c (Spencer et al., 2011) . In contrast, CTCF did not shift mutated RS14c, nor did it shift negative controls, MBP and Gapdh. We generated binding isotherms and observed K d s that were more than an order of magnitude greater than those for RNA binding ( Figure 5B Figure 4E ). Thus, CTCF prefers to bind RNA over DNA.
Consistent with this property, RNA outcompeted DNA for CTCF in competition assays ( Figures 5C-5F ). In an RNA EMSA using 5 nM of CTCF and 0.2 nM of Tsix probe ( Figure 5C , Tsix CLIP fragment), no DNA fragment identified by ChIP-seq (Figure 5C: ChIP1, ChIP2) could compete away the RNA-CTCF shift even at 1,000-fold molar excess. This finding underscored CTCF's huge preference for RNA over DNA. On the other hand, Tsix and Xite RNAs competed effectively for CTCF against DNA-binding site, ChIP1, at 10-to 100-fold molar excess (Figure 5E) . Similarly, Tsix and Xite RNAs competed away interactions between CTCF and ChIP2 DNA ( Figure 5F ). Only the Tsix CLIP RNA could compete, whereas MBP, Gapdh, and RNAs transcribed from the ChIP sites could not. Thus, CTCF is a very strong and specific RNA-binding protein. Together, these biochemical data validate our CLIP-seq methodology and confirm specific RNAs identified by CLIP-seq.
Tsix RNA Recruits CTCF and Directs X Chromosome Pairing Although CTCF binds DNA via an identifiable consensus motif (Kim et al., 2007; Ohlsson et al., 2010; Nakahashi et al., 2013) , how CTCF is targeted to developmentally specific sites requires further investigation. The proximity of some ChIP-seq peaks to CLIP-seq targets (Figures 1, 2, and S6) raised the possibility that CTCF may be recruited to chromatin in cis by a neighboring transcript. We explored this question using the model of X chromosome pairing, a process that is known to depend on CTCF as well as a 15-kb ''pairing region'' within the Tsix and Xite loci (Figure 6A) . Prior to XCI in differentiating mESCs, two X chromosomes transiently pair, making contact exclusively at Xic. Rapid disruption of pairing by POL-II inhibitors has suggested that newly synthesized transcripts may be required for the interchromosomal interactions.
We asked whether Tsix and Xite RNAs are required for pairing. In vivo UV-RIP analysis confirmed the domains of Xite and Tsix RNA for CTCF binding (Figures 6A and 6B) . To test the involvement of RNA, we knocked down Xite/Tsix RNA in female mESC using various strategies, including transiently transfected siRNAs, stably expressed shRNAs, and locked nucleic acid (LNA) oligonucleotides for better access to nuclear lncRNAs . Whereas all tested siRNAs and most shRNAs were ineffective (data not shown), one shRNA directed at the Xite enhancer RNA (Ogawa and Lee, 2003) and the overlapping minor Tsix transcript achieved $85% KD ( Figure 6C ). Furthermore, two LNA gapmers directed at the major Tsix transcript achieved 60%-90% KD ( Figures 6D and 6E ). Following knockdown, we performed DNA fluorescence in situ hybridization (FISH) and measured Tsix interallelic distances. All three knockdowns (E) UV-RIP qRT-PCR, comparing aCTCF and IgG immunoprecipitation in day 3 female mESC ± UV crosslinking. Means ± 1 SD are shown. Representative results from three biological replicates shown. *, significant enrichment (p < 0.05, determined by unpaired two-tailed Student's t test) of +UV aCTCF pull-down over +UV IgG pull-down; y, significant enrichment of +UV aCTCF pull-down over -UV aCTCF pull-down. See also Figures S4 and S5 . (legend continued on next page) (TsixKD) reduced the number of X-X pairs between days 2 and 6 of differentiation (d2 and d6) when pairing normally took place . By contrast, scrambled shRNA or LNA (ScrKD) did not have any effect. Because experiments using shRNA and LNAs yielded similar results, we performed subsequent experiments on cells expressing the stably transfected shRNA, which are more amenable to long-term differentiation assays. TsixKD female cells exhibited defective embryoid body (EB) outgrowth during cell differentiation, whereas TsixKD male cells were not affected ( Figure 6F ). This defect was not due to failure of cell differentiation per se, as pluripotency markers were appropriately downregulated in both ScrKD and TsixKD cells (Figure 6G) . Consistent with defective EB outgrowth, Xist induction was compromised in TsixKD female cells, as only 1%-2% of cells showed full Xist upregulation between d2 and d6 (p = 0.03, Figure 6H) . These data suggest that female-specific defects related to XCI, rather than to the cell differentiation process. We conclude that transcripts generated from Tsix and Xite are indeed necessary for X-X pairing.
To test the idea that Tsix and Xite RNAs are responsible for the locus-specific targeting of CTCF to the pairing center, we performed ChIP-qPCR analysis for CTCF following RNA knockdown. Significantly, knocking down Tsix/Xite led to reduced occupancy of CTCF at multiple known CTCF-binding sites in the pairing region, including XiteC, XiteA, TsixA, and RS14 ( Figures  7A and 7B) . Interestingly, binding to OCT4, a transcriptional activator of Tsix/Xite that also regulates X-X pairing (Donohoe et al., 2009) , was decreased as well ( Figure 7B ). To determine the specificity of these effects, we performed ChIP-qPCR at unrelated regions of the X chromosome, at positions located at 74, 100, and 133 Mb from the centromere. Indeed, CTCF and OCT4 binding to positions 133 and 74 Mb was not altered (Figure 7C) . The effects were also specific to the CTCF, as other chromatin epitopes (e.g., H3K27me3, SMC3) were not affected by the shTsix knockdown. Taken together, our functional analysis demonstrates that Tsix/Xite RNA is required for pairing and that it mediates pairing by recruiting CTCF in cis to the pairing center.
DISCUSSION
Although CTCF has a 12-to 20-bp DNA-binding motif (Lobanenkov et al., 1990; Kim et al., 2007; Ohlsson et al., 2010; Chen et al., 2012; Nakahashi et al., 2013) , the mechanistic basis for its locusand allele-specific recruitment has remained an open question. Here, we have performed CLIP-seq analysis to define an RNA interactome of $15,000 transcripts for CTCF in mESCs and, in parallel, performed ChIP-seq to investigate the epigenomic landscape relative to interacting transcripts. By characterizing one set of interactions in detail at the Xic, we have shown that cis-acting RNA is one mechanism by which CTCF can be targeted in a locus-specific manner. With inherent sequence specificity, long noncoding RNAs, such as Tsix and Xite, remain tethered to the site of synthesis and are poised to direct chromatin factors to a unique location (Lee and Bartolomei, 2013; Zhao et al., 2010) . In the case of Tsix and Xite transcripts, the RNA-CTCF interactions in turn mediate long-range chromosomal associations.
With recent advances indicating a role for RNA in chromosome looping (Lai et al., 2013; Li et al., 2013) , it is tempting to speculate on a general role for RNA in helping CTCF weave the genomic architecture. Because many imprinted noncoding RNAs are cis acting (Lee and Bartolomei, 2013; Barlow and Bartolomei, 2014) and interact directly with CTCF ( Figure S6 ), CTCF may be recruited to nearby ICRs by a similar RNA-mediated mechanism. Meriting future investigation as well are the allele-specific binding patterns of CTCF to the Xa and Xi (Figure 3) , as CTCF-RNA interactions near escapee genes may facilitate the genes' continued expression within facultative heterochromatin (Filippova et al., 2005; Li and Carrel, 2008; Calabrese et al., 2012; Mugford et al., 2014) .
The locus-specific targeting of CTCF to chromatin in cis stands in contrast to published roles for other interacting RNAs. For example, Jpx RNA's interaction with CTCF occurs in trans and results in eviction of CTCF from the Xist promoter . Within the chromatin insulator complex, SRA1 RNA also performs a trans function, serving as scaffold for CTCF and p68 (Yao et al., 2010) . Finally, at the p53 locus, CTCF binds to an overlapping antisense transcript, Wrap53, but the RNA interaction is not required for CTCF recruitment (Saldañ a-Meyer et al., 2014) . With an interactome size of more than 15,000 transcripts, further characterization will undoubtedly bring about better appreciation of the global interplay between CTCF-RNA and -DNA associations, both in cis and in trans. The genome-wide data sets reported here will provide a useful resource for general study of CTCF's role in epigenomic regulation.
EXPERIMENTAL PROCEDURES
Detailed experimental methods are described in Supplemental Experimental Procedures.
CLIP-Seq
We developed a CLIP protocol modeled after previously published protocols (Ule et al., 2003 (Ule et al., , 2005 Jensen and Darnell, 2008; Licatalosi et al., 2008; Yeo et al., 2009) . 10 8 mouse ES cells expressing physiological levels of CTCF-33 FLAG protein were trypsinized and resuspended in PBS. Cells for +UV experiments were crosslinked with 256 nm UV in a 15-cm dish at 250 mJ/cm 2 using the Stratalinker 1800 (Stratagene). ±UV cell pellets were resuspended in 1-2 ml Buffer A (10 mM HEPES [pH 7.9], 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM PMSF) and incubated on ice for 30 min with frequent vortexing. Nuclei were pelleted at 2,500 3 g for 15 min, washed in PBS, resuspended in 500 ml Buffer C (20 mM HEPES [pH 7.5], 420 mM NaCl, 15% glycerol, 1.5 mM MgCl 2 , 0.5 mM PMSF, protease and RNase inhibitors) and incubated at 4 C for 30 min with rotation. Nuclear lysates were diluted with one volume (D) Double-filter binding assays were used to plot binding isotherms of CTCF at 0.2 nM RNA of indicated species. Serial 2.5-fold dilution from 0 to 30 nM active CTCF. CTCF concentrations corrected using the active fraction calculation ( Figure S5B of 20 mM HEPES (pH 7.5) and treated with 40 U TURBO DNase at 37 C for 30 min to liberate chromatin-associated CTCF-RNA complexes. After quenching the DNase with 10 mM EDTA, 5% was removed and saved for RNA-seq, while the remainder was added with sarkosyl to 0.5% and the RNA was fragmented by sonication with Diagenode Bioruptor XL twice for 20 min each (with 30 s on, 30 s off cycles). Cell debris was pelleted at 16,000 3 g for 10 min, the lysate was diluted again with 1 volume of 20 mM HEPES and divided into three aliquots. 15 ml of Anti-FLAG M2 Magnetic Beads (Sigma-Aldrich A2220) was added to each aliquot and incubated at 4 C overnight with rotation.
Beads from all aliquots were recombined, (50 mM MOPS, 50 mM Tris, 0.1% SDS, 1 mM EDTA) at 120 V, transferred to nitrocellulose membrane, and exposed to film for autoradiography or used for immunoblot with 1:3,000 aFLAG antibodies (Sigma-Aldrich F1804). Membrane fragments containing CLIP signal, as confirmed by immunoblot, and corresponding positions on control lanes were excised, and RNA was eluted by incubation in prewarmed proteinase K buffer (100 mM Tris-HCl [pH 7.5], 50 mM NaCl, 10 mM EDTA, 0.5% SDS, 4 mg/ml proteinase K) for 20 min at 37 C, then incubation for an additional 20 min in proteinase K buffer supplemented with 7 M urea, followed by TRIzol extraction and ethanol precipitation. RNA size and quality was verified using RNA 6000 Pico chips on the Agilent Bioanalyzer. The NEBNext Small RNA Library Prep set (New England Biolabs) was used to construct libraries for deep sequencing.
RNA-Seq and ChIP-Seq
For RNA-seq, RNA was extracted from lysates similarly as CLIP RNA was eluted from membranes, depleted of rRNA, and cleaned up with RNeasy MinElute columns (QIAGEN). Strand-specific cDNA libraries were made using Superscript III for first-strand synthesis, NEBNext mRNA Second Strand Synthesis Module supplemented with dUTP, and NEBNext ChIP-Seq Library Prep Master Mix Set. ChIP-seq was performed essentially as described (Jeon and Lee, 2011) using TST mouse ES cells (Ogawa and Lee, 2003) and aCTCF antibodies (Cell Signaling). 15 ng of IP or input DNA was used for ChIP-seq library construction using the NEBNext ChIP-Seq Library Prep Master Mix Set.
Deep Sequencing and Bioinformatics
All libraries were sequenced with Illumina HiSeq 2000 using 50 cycles to obtain paired end reads (36 cycles for ChIP day 0 replicate 2). To account for hybrid character of ES cell lines, adaptor-trimmed reads were first aligned to custom mus/129 and cas genomes, then mapped back to reference mm9 genome (Pinter et al., 2012) . RNA was aligned with Tophat and DNA with Novoalign. For CLIP-seq, difference between scaled coverage in ±UV libraries was obtained, and peaks were called using Piranha (Uren et al., 2012 ) based on a zero-truncated Poisson distribution and a p value cutoff of 0.01. Transcripts were assembled from composite d0 and d3 RNA-seq data using Cufflinks (Trapnell et al., 2012) guided by mm9 Ensembl transcripts. ChIP peaks were obtained with SPP (Kharchenko et al., 2008) . Allelicity of ChIP peaks was determined as described (Pinter et al., 2012) . cis-regulatory Element Annotation System (Shin et al., 2009 ) was used to determine peak enrichment in genomic regions and to obtain metagene profiles and metasite analyses.
Biochemical Analyses GFP and mouse CTCF cDNA were cloned with C-terminal 63His tag into pFLAG-2 (Sigma), expressed in Rosetta-Gami B cells (Novagen) with IPTG induction, and purified using Ni-NTA resin (QIAGEN). GST-fusion of CTCF fragments were previously described . UV-RIP-qPCR on day 3 female ES cells, and in vitro RNA pull-down with recombinant FLAG-tagged CTCF or GFP, were performed as previously described (Jeon and Lee, 2011) . DNA, RNA, and competition EMSAs and double-filter binding assays (Cifuentes-Rojas et al., 2014) were also performed as reported. The percentage of active CTCF protein was determined as follows: preliminary affinity measurements provided an apparent K d for CTCF-Tsix-d interaction. We then performed stoichiometric binding experiment with Tsix-d at 403 concentration above the apparent K d (80 nM) and titrated CTCF from 0-1,000 nM. These CTCF concentrations were determined by Bradford assay, thus representing total protein present. Binding was analyzed by double-filter binding, and fraction of RNA bound was plotted as a function of total CTCF concentration. As expected for a stoichiometric titration, binding increased linearly with increasing CTCF concentrations, until all the RNA probe was bound. This equivalence point between RNA and CTCF concentrations was used to calculate the active CTCF fraction. Since our data were consistent with at 1:1 mode of association, and 261.1 nM CTCF was required to bind 80 nM RNA, we concluded that 30.18% of our CTCF was active. This value was used as a correction factor in all K d calculations.
XCI Analysis
For perturbation experiments, stable knockdown cell lines were generated by linearizing a pLKO.1-based vector containing shRNAs against Tsix, transfecting the DNA into J1 and EL16.7 cells using Lipofectamine 2000 (Invitrogen), and selecting for clones in 1 mg/ml puromycin for 7-9 days. Control cell lines containing a scrambled shRNA were also generated in parallel. shRNA sequences were as follows: shTsix3 sense, 5 0 -GAAATAACCTCCAGAGAAATG-3 0 ; shTsix3 antisense, 5 0 -CTTTATTGGAGGTCTCTTTAC-3 0 ; shScr sense, 5 0 -CCTAAGGTTAAGTCGCCCTCG-3 0 ; shScr antisense, 5 0 -CGAGGGCGACTTA ACCTTAGG-3 0 . Each cell line was differentiated for 6-8 days using suspension cultures forming embryoid bodies (EBs) at a starting concentration of $5 3 10 5 cells/60 cm 2 as described . At day 4, EBs were plated onto 0.2% gelatinized tissue culture plates for outgrowth. LIF (leukemia inhibitory factor) was removed from the differentiation medium, and culture medium was changed every 2 days. All experiments were performed three times. Viable cells were counted using a Cellometer Auto cell counter (Nexcelom Biosciences). Images were taken with a Nikon Eclipse TE2000-E inverted microscope. ChIP-qPCR analysis was carried out using a modified protocol from Millipore as described , with primers listed in Table S3 . For LNA perturbation experiments, antisense LNA oligonucleotides were obtained from Exiqon. LNAs were delivered into female 16.7 cells using Amaxa Biosystems Nucleofector and Mouse ES Cell Nucleofector Kit (Lonza). 2 3 10 7 trypsinized cells on d0, d3, and d6 were processed with 2 mM LNA using A-24 program. Cells were collected 6 hr or 12 hr later. LNA knockdown was confirmed by qRT-PCR with primers listed in Table S3 . LNA sequences are differentiation days is determined using unpaired two-tailed Student's t tests. Representative results are shown for two independent biological replicates. Sample sizes, n: ScrKD: 261 (d0), 297 (d2), 295 (d4), 254 (d6); TsixKD: 263 (d0), 332 (d2), 282 (d4), 246 (d6). See also Figure S7 . Donohoe et al., 2009; Ahn and Lee, 2010; Navarro et al., 2010) . Xist RNA/DNA FISH was performed as previously described ) using double-stranded Xist or Chr. 2 telomeric (RP24-338B6) DNA probes labeled by nick-translation (Roche). Cells were counted and scored for Xist RNA cloud or checked for ploidy. Pairing was assayed as previously described . DNA FISH was performed using two X-linked probes (centromeric RP24 and pSx9-Xic) to exclude XO cells. Digital images were taken with a Nikon Eclipse 90i microscope (Nikon Instruments) and processed using Volocity software (Improvision). X-X distances were normalized to the nuclear area as distinguished by DAPI staining of the DNA. Measurements in 3D and 2D were essentially identical because maximal z dimensions were small compared to maximal x and y (H.P. Chu and J.T.L., unpublished fata).
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Their differentiation/fate depends on culture conditions (e.g., serum composition, water quality, etc.), accounting for slightly different differentiation states and lineages on d3 and therefore slight differences in CLIP-seq results.
(B) Correlation analysis between d0 and d3 CLIP samples over 2-kb windows. (B,C) ND distribution profiles of ScrKD and TsixKD, corresponding to CF curves in Figure 6 .
Arrowheads, mean of ND. Representative results from three independent biological replicates. 
SUPPLEMENTAL EXPERIMENTAL PROCEDURES
CLIP-seq
A modified CLIP protocol based on previously published protocols (Ule et al., 2003; Ule et al., 2005; Jensen and R.B., 2008; Licatalosi et al., 2008; Yeo et al., 2009 ) was used in this study. 10 8 mouse ES cells expressing physiological levels of CTCF-3×FLAG protein were trypsinized and resuspended in PBS. Cells for +UV experiments were crosslinked with 256 nm UV in a 15-cm dish at 250 mJ/cm 2 using the Stratalinker 1800 (Stratagene). ±UV cell pellets were resuspended in 1-2 mL Buffer A (10 mM HEPES pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM PMSF) and incubated on ice for 30 min with frequent vortexing. Nuclei were pelleted at 2500×g for 15 min, washed in PBS, resuspended in 500 mL Buffer C (20 mM HEPES pH 7.5, 420 mM NaCl, 15% glycerol, 1.5 mM MgCl 2 , 0.5 mM PMSF, protease and RNase inhibitors) and incubated at 4°C for 30 min with rotation. Nuclear lysates were diluted with one volume of 20 mM HEPES pH 7.5 and treated with 40 U TURBO DNase at 37°C for 30 min to liberate chromatin-associated CTCF-RNA complexes. After quenching the DNase with 10 mM EDTA, 5%
was removed and saved for RNA-seq, while the remainder was added with sarkosyl to 0.5% and the RNA was fragmented by sonication with Diagenode Bioruptor XL twice for 20 min each (with 30 s on, 30 s off cycles). Cell debris was pelleted at 16,000×g for 10 min, the lysate was diluted again with 1 volume of 20 mM HEPES and divided into three aliquots. 15 uL of Anti-FLAG M2 Magnetic Beads (Sigma-Aldrich A2220) was added to each aliquot and incubated at 4°C overnight with rotation. Beads from all aliquots were recombined, washed 3× with high salt Wash Buffer I (20mM HEPES pH 7.5, 250 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 0.5% Nonident-P40, protease and RNase inhibitors), once with 1× TURBO DNase buffer, then treated with 100 U/mLTURBO DNase at 37°C for 30 min. Beads were further washed 2× with Wash Buffer I supplemented with 10 mM EDTA, then 2× with low salt Wash Buffer II (50 mM Tris-HCl pH 7.5, 1% NP40, 0.5% sodium deoxycholate, 50 mM NaCl, 10 mM EDTA), and 1×
with PNK buffer (50 mM Tris-HCl pH 7.5, 10 mM MgCl 2 , 0.5% NP40, 5 mM DTT). CLIP-tags on beads were radiolabelled with [γ-32 P]ATP using T4 polynucleotide kinase (New England Biolabs)
for 20 min at 37°C, and washed 4× with PNK buffer. Beads were resuspended in SDS-PAGE loading buffer at heated for 5 min at 70°C, run on 8% Bis-Tris SDS-PAGE in MOPS buffer (50 mM MOPS, 50 mM Tris, 0.1% SDS, 1 mM EDTA) at 120 V, transferred to nitrocellulose membrane, and exposed to film for autoradiography or used for immunoblot with 1:3000 αFLAG antibodies (Sigma-Aldrich F1804).
Membrane fragments containing CLIP signal, as confirmed by immunoblot, and corresponding positions on control lanes were excised, and RNA was eluted by incubation in prewarmed proteinase K buffer (100 mM Tris-HCl pH 7.5, 50 mM NaCl, 10 mM EDTA, 0.5% SDS, 4 mg/mL proteinase K) for 20 min at 37°C, then incubation for an additional 20 min in proteinase K buffer supplemented with 7 M urea, followed by TRIzol extraction and ethanol precipitation. RNA size and quality was verified using RNA 6000 Pico chips on the Agilent
Bioanalyzer.
CLIP-seq library was constructed from CLIP RNA using the NEBNext Small RNA Library
Prep set (New England Biolabs E7330), size-selected and cleaned up of primer/adaptor-dimers using Agencourt AMPure XP beads (Beckman Coulter A63880), verified with DNA High Sensitivity chips on the Agilent Bioanalyzer, quantitated using KAPA Biosystems library quantification kit (KK4844), and sequenced with the Illumina HiSeq 2000 system with 50 cycles paired end reads.
RNA-seq
Nuclear lysate was removed before sonication, and treated with proteinase K and reprecipitated in the same way as CLIP RNA eluted from membrane. RNA was depleted of ribosomal RNA 
ChIP-seq
CTCF ChIP-seq experiments were performed essentially as described (Jeon and Lee, 2011) using 1.5×10 7 TST mouse ES cells (Ogawa and Lee, 2003) and αCTCF antibodies (Cell Signaling 2899). After nuclear lysis, chromatin was sonicated in Covaris S2 ultrasonicator with 5% duty cycle, intensity 6, 200 bursts per 1-min cycle for 8 min, before IP. 15 ng of IP or input DNA was used for ChIP-seq library construction using the NEBNext ChIP-Seq Library Prep Master Mix Set. Libraries were quality-checked and sequenced similarly as CLIP-seq libraries.
Bioinformatics Analyses
Adaptor sequences were trimmed from libraries with either Trim Galore! v0. were first aligned to custom mus/129 and cas genomes, and then mapped back to the reference mm9 genome (Pinter et al., 2012) . RNA was aligned with Tophat (v2.0.8 or greater) (Kim et al., 2013) , while DNA was aligned using Novoalign (3.00.03) (www.novocraft.com). Post-processing of mm9 alignments was performed with custom scripts, SAMtools (Li et al., 2009) , and BEDtools v2.17.0 (Quinlan and Hall, 2010) . These included accounting, alignment file-type conversion, extracting and sorting uniquely/paired-end reads (SAMtools), and obtaining wig coverage files (DNA: BEDtools genomecov; RNA: SAMtools depth).
For repeats analysis, non-uniquely aligned fragments were put into a "reps" category.
mm9 RepeatMasker tracks from UCSC were obtained using the table browser. The first of each non-uniquely aligned fragment was then extracted and intersected with each family of repeat elements using BEDtools intersect with options -s, -c, and the percentage that mapped to each family was counted.
For CLIP-seq, uniquely aligned fragments from +UV and -UV libraries were scaled according to total number of fragments in each library (determined by SAMtools flagstat combining reads "with itself and mate mapped" and "singletons") and coverage wig files were obtained. After subtracting -UV from +UV wigs, bed files were created with each interval defined by consecutive nucleotides of constant height. Then peak-calling was performed on these beds using Piranha v1.2.0 (Uren et al., 2012 ) based on a zero-truncated Poisson distribution and a p-value cutoff of 0.01. Peaks were categorized into sense, antisense-only, and intergenic classes. The sense category was derived by strand-specifically intersecting peaks with 3000-nt enveloped gene bodies. The antisense-only category was derived similarly using an antisense intersection and subtracting out sense genes, while the intergenic category was the result of the complement of intersecting peaks non-strand-specifically with gene bodies.
To assemble RNA transcripts from RNA-seq data, Cufflinks (v2.1.1) (Trapnell et al., 2012) was used on composite d0 and d3 alignments with upper-quartiles-norm normalization, and guided (-g) with mm9 Ensembl transcripts. The resulting transcripts were purged of entries with FPKM=0, converted to bed format, and merged using BEDtools merge with options -nms, -scores mean, -s. To compare +UV and -UV libraries, uniquely aligned fragments from each were mapped onto the transcripts using BEDtools map with options -o sum, -s, and FPKM values were obtained by dividing the summed coverage by transcript length / 1000. To compare CLIP-seq and RNA-seq, CLIP peaks were mapped onto the transcripts and FPKM values were obtained similarly.
To perform CLIP-seq correlation analysis between replicates over 2-kb windows, peak files were converted into variable step wig files. Mean coverage over 2 kb bins spanning the entire genome was pooled, producing a binned wig file. After purging entries with values of 0 in both libraries being compared, the R functions log2, cor, and plot were used to obtain Pearson correlation coefficients and scatter plots.
For display purposes, ChIP-seq coverage of uniquely aligned neutral/cas/mus (comp) reads were obtained and normalized to input libraries using in-house software (smoothing parameters: window size 125 and step size 25). ChIP binding positions were identified by intersecting the results of the mirror tag correlation (MTC) and window tag density (WTD) peakfinding methods within the SPP program (Kharchenko et al., 2008) . Briefly, both IP and input data had local anomalies removed, then binding positions were identified using the find.binding.positions routine (FDR = 0.01; default method for WDT, and tag.lwcc for MTC, whs=detection.window.halfsize). Peak regions were extended using the add.broad.peak.regions function (window.size=10 2 , z.thr=3). Finally, these results were combined (cat), merged (BEDtools) and intersected (BEDtools) back to MTC to give a final high confidence peak list.
For comparison of ChIP biological replicates, correlations were calculated based on coverage over 2 kb windows. ChIP-seq allelic peak calling was performed to identify an SPPcalled region as being on the active (cas) or inactive (mus) chromosome. Under the null hypothesis it was equally likely that a ChIP region would be identified by tags of either cas or mus and thus was treated as if following a binomial distribution (Pinter et al., 2012) . p-values associated with cas or mus tag-id counts under an SPP-determined peak were determined from the q-value of the cumulative binomial distribution (p=0.5; N min 3).
